We propose an analytical interatomic potential for modeling platinum, carbon, and the platinum-carbon interaction using a single functional form. The ansatz chosen for this potential makes use of the fact that chemical bonding in both covalent systems and d-transition metals can be described in terms of the Pauling bond order. By adopting Brenner's original bond-order potential for carbon ͓Phys. Rev. B 42, 9458 ͑1990͔͒ we devise an analytical expression that has an equivalent form for describing the C-C/Pt-Pt/Pt-C interactions. It resembles, in the case of the pure metal interaction, an embedded-atom scheme, but includes angularity. The potential consequently provides an excellent description of the properties of Pt including the elastic anisotropy ratio. The parameters for both the Pt-Pt interaction and the Pt-C interaction are systematically adjusted using a combination of experimental and theoretical data, the latter being generated by total-energy calculations based on density-functional theory. This approach offers good chemical accuracy in describing all types of interactions, and has a wide applicability for modeling metal-semiconductor systems.
I. INTRODUCTION
Analytical potentials of the embedded-atom type [1] [2] [3] [4] [5] represent the current state of art in the classical description of cohesion in metals, and they enable simulations of several million atoms on present day computers. For covalently bonded systems, such as carbon, silicon, and germanium, reactive bond-order potentials play a similar role and have successfully been used in various applications. 6 There are only few simulation studies, however, that considered material processes in mixed covalent-metallic systems. This is due to the lack of analytical potentials that describe the cohesion in metals, carbons, and metal-carbon in a comprehensive way. The modified embedded-atom method ͑MEAM͒, as proposed by Baskes 7 provides a possible analytical basis for such a potential, but has not yet been used for carbon. This might be related to the fact that within the MEAM angularity depends only on the atom-type but not on the bond type, so that different hybridizations cannot be easily described. In some studies pair potentials have been used in order to link established semiconductor and EAM potentials. [8] [9] [10] [11] [12] The applicability of these approaches, however, is rather limited, since bonds between chemically unsaturated carbon and metal atoms cannot be described.
There is much interest, of course, in material properties and processes that involve chemical interactions between metals and carbon. Typical examples include the growth of nanostructured metallic films on semimetallic inert substrates, such as graphite via cluster beam or vapor deposition techniques. These may be useful for the fabrication of nanoelectronic sensors. The deposition of metal clusters on carbon, or conversely, the deposition of carbon clusters on metals, both at thermal and hyperthermal energies, is also of interest. By metal-cluster deposition an agglomeration of confined quantum systems can be obtained. 13 Diffusion mechanisms of huge clusters on graphite have been identified, 14 and a ''soft landing'' as well as the penetration of metal clusters have been observed. 11 Finally, metals play a dominant role in the synthesis of carbon nanostructures, where they act both as condensation seeds and catalysts. 15 A computationally efficient interatomic potential that realistically describes the structure and chemistry of both covalently bonded materials and metals would therefore be very useful for atomistic simulations of those material processes.
In this study we devise such a potential for carbonplatinum. Platinum is of obvious importance for catalytic devices, 16, 17 but there are also several bulk and interface problems related to Pt-C, for instance the optimization of multilayers that are used as the reflector and dispersive element in the optical system of synchrotron beamlines. 18 From a theoretical point of view, carbon and platinum are immiscible systems that do not form a carbide structure. 19 Since the electronegativity difference of Pt and C is small, the charge transfer is negligible. Therefore, this system is an ideal choice for an analytical description using a shortranged potential.
The paper is organized as follows. First, we show how the bond-order scheme can be linked to established embeddedatom methods, and present the analytical form of the potential. Then the density-functional theory ͑DFT͒ calculations, that were performed in order to obtain a set of input data for the parameterization of the potential, are briefly described. Finally, we discuss the fitting procedure for each type of interaction, separately.
II. BASIC METHODOLOGY AND ENERGY FUNCTIONAL
During the past two decades the interest in modeling dynamic processes in condensed phases, where statistical relevance is necessary, has led to the development of many different analytical potentials for various systems that enable large-scale atomistic simulations using molecular dynamics or Monte Carlo methods. These potentials are analytical functions or functionals, which relate the electronic structure of the system to the lattice topology. Within a quantummechanical framework, the tight-binding method is the simplest scheme for describing the energetics of transition metals and semiconductors. This is, therefore, a natural starting point for developing analytical energy functionals. In this section we review the basic assumptions of this theory and derive the analytical functional used in this work.
If we assume only one valence orbital per atomic site, the total energy of the system of interest can be written as: 20, 21 
͑1͒
The first term accounts for the repulsion between atomic pairs, and the second is the bond energy calculated as an integral over the local electronic density of states N i (E) at an atomic site i. ⑀ i is the effective atomic energy level. In fact, most structural quantities are insensitive to the details of the electron density of states, being mainly related to its average value and effective width. For d transition metals such as platinum, the cohesive energy is dominated by the d-band contribution. It is a good approximation, therefore, to assume a rectangular density of states of width W i , so that the density of states per atom for a full d-band will take the value 10/W. Then the bond energy per site i can be written as
where N d is the number of electrons in the d-band. The width W i is by definition related to the second moment of the local density of states i 2 via
On the other hand, the second moment is given by an exact relation, which is the sum of two-center hopping integrals h i j , which depend on the next neighbor distance r i j :
͑4͒
Combining Eqs. ͑3͒ and ͑4͒ we obtain
Finally, using Eq. ͑5͒ together with Eq. ͑2͒ the total energy in Eq. ͑1͒ can be written as a sum over the atomic sites in the following way:
͑6͒
This is identical to the empirical tight-binding ͑TB͒ potentials for transition metals that Cleri and Rosato derived. 22 If we identify the sum over the hopping-integrals as the resulting electron density i at site i and define an embedding function F()ϭDͱ, then Eq. ͑6͒ corresponds to the FinnisSinclair implementation of the embedded-atom method [3] [4] [5] as originally proposed by Daw and Baskes. 1, 2 It is appropriate to chose an exponential term for both the distance dependence of the screening function and the hopping integral. Without loss of generality, therefore, we can write (r i j )ϭAexp
Ϫr ij and h(r i j )ϭCexp Ϫr ij . Equation ͑6͒ can then be rewritten as
͑7͒
where BϭCD.
The term V B i is the contribution of atom i to the band structure energy; it can be rewritten in the following way:
͑8͒

͑9͒
If we refer to b i j as the bond-order constant in terms of the Abell-Tersoff concept, 23 then the total-energy expression as derived in Eq. ͑6͒ becomes equivalent to a sum over effective bond strengths:
͑10͒
This equivalence between the EAM and the bond-order ansatz was previously pointed out by Brenner 24 almost a decade ago. It is basically a consequence of the fact that within the TB approach the chemical bonding of d transition metals can be explained in the same terms as those for semiconductors.
Since we have considered only the hopping integrals to the next neighbors, it is necessary and computationally efficient to restrict the interaction to the next neighbor sphere by a cutoff function, which we choose as
After rearranging the sum, Eq. ͑10͒ becomes
͑12͒
In this present form the bond-order parameter b i j , as defined in Eq. ͑9͒, does not include angular dependencies, which are necessary for accurately modeling the deformation of bonds. In order to overcome this deficiency Tersoff introduced angular dependent bond-order functions for silicon, carbon and germanium, 6 while Brenner refined the approach 25 for modeling hydrocarbons. Other closely related potentials were proposed for Si and C ͑Ref. 26͒ and, recently, several studies derived analytical bond-order functions directly from a momentum expansion. [27] [28] [29] While these approaches differ in the details of their functional form, the resulting angular dependencies of the bond-order are in fact very similar. 29, 30 We therefore adopted a straightforward extension developed by Brenner, which is simply an angular dependent term g() in the inner sum of the bond-order function, so that b i j becomes
Here again the cutoff function is included, while the indices monitor the type dependence of the parameters, which is important for the description of two or more components. The angular function g() is given by
For cϭ0 this term equals a constant, ␥, and the total potential resembles an EAM potential. At this point it is important to recognize that angularity is not only decisive for modeling of covalent systems but also of metals. Alinaghian et al., 27 for example, showed that shear constants can be described in a first-nearest-neighbor potential only if the bond order is angular dependent. In this case, the anisotropy ratio c 44 /CЈ can take values smaller than 2. For convenience, we change the analytical form of the pair-like expressions given in Eq. ͑10͒ to the physically more instructive, fully equivalent Morse-like structures
where D o is the dimer binding energy and r o the equilibrium distance.
We now have an energy functional that should be suitable for describing Pt-Pt, C-C, and Pt-C within a single formalism as defined in Eqs. ͑11͒-͑15͒. Despite the semiempirical character of this approach, the number of freely adjustable parameters is not more than six for each interaction type, and these can be derived systematically, as follows.
If the binding energy D o and the ground-state frequency of the dimer molecule are known, then ␤ is simply obtained from the expression
where k is the wave number and the reduced mass. The parameter S can be determined by the Pauling criterion that relates the equilibrium bonding distance r b and the energy per bond E b :
When fitting lattice parameters and cohesive energies of structures with different atomic coordinations, Eq. ͑17͒ must be fulfilled. This is extremely decisive for the transferability of the potential, as will be shown in the following sections.
III. TOTAL-ENERGY CALCULATIONS
In order to gain insight into the chemistry and bonding, especially of the Pt-C interaction, total-energy calculations were carried out in the framework of the density-functional theory. 31 All results reported here were obtained using the code CASTEP ͑Ref. 32͒ with ultrasoft pseudopotentials by Lee ͑us-PP͒ and alternatively with norm-conserving pseudopotentials ͑nc-PP͒ using the scheme of Troullier-Martin. 33 Exchange and correlation were included using the PerdewWang form of the general-gradient approximation ͑GGA͒.
34
Calculations of the Pt fcc structure within the local-density approximation ͑LDA͒ ͑Refs. 35 and 36͒ showed a significant overestimation of the bulk modulus, and therefore they were not used here. This seems to be a shortcoming of the LDA rather than a consequence of using nonrelativistic density functionals for the heavy element Pt, since our nonrelativistic calculations within the GGA are in good agreement with experimental data for fcc Pt.
For all calculated structures the cutoff energies and k-points were chosen to achieve a convergence better than 0.01eV/atom. Total energies for platinum in the fcc, bcc, sc, and diamond structures were calculated. Stoichiometric PtC was investigated in the B2 structure ͑CsCl͒, the B1 structure ͑NaCl͒, and in a zinc-blende lattice. The minimum energy, lattice constant, bulk modulus, and pressure derivative of the bulk modulus were calculated by fitting the BirchMurnaghan equation of state to energy-volume data. 37, 38 
IV. CARBON
For modeling the interaction of pure carbon we adopted the C-C parameters given in Brenner's original hydrocarbon potential. 25 Since Brenner proposed two different parameter sets, we compared the Pauling relation ͓Eq. ͑17͔͒ to experimental data and DFT calculations available in the literature. 39 Brenner's parameter set I delivers an excellent fit for both the graphite and diamond structures, whereas set II yields a bond length for graphite that significantly deviates from the experimental data, as illustrated in Fig. 1 . The overall correspondence to the bond-order relation, however, is better for parameter set II. Since this latter parameterization has a square-root-dependent bond-order, it is fully equivalent to the ansatz chosen for the potential in this study and there-fore used here. The corresponding C-C parameters are listed in Table V . Additional information can be found in the original paper.
A specific feature of Brenner's potential is the overbinding term, which corrects the unphysical interpolation of single-and double-bonds for some atomic configurations. It is therefore customary to replace the bond-order function by the corrected version
as described in Ref. 25 . Since this correction affects only interactions of pure carbon, we consider the overbinding correction as a necessary option to use in all applications where chemical bonds between carbon atoms of different coordinations become important. In those cases where only ideal carbon structures are involved, this correction might be left out. Finally, we compared the structural data obtained by CASTEP to other calculations and experiments in order to verify the chosen pseudopotential method for carbon. Apart from the bulk modulus, the results achieved by the normconserving pseudopotentials are in excellent agreement with experimental data ͑see Table I͒. With the ultrasoft pseudopotentials the bulk modulus is closer to the experimental value, but the lattice constant is slightly too low. Altogether, the calculations agree very well with data obtained with a similar method, 39 and thus serve to validate our choice of pseudopotentials for carbon.
V. PLATINUM
A thorough set of experimental data on the thermomechanical properties of Pt is available. Platinum, however, does not exhibit solid structures other than the fcc phase, so that detailed information on the bonding behavior in undercoordinated environments is not experimentally accessible. We investigated, therefore, the bonding of several hypothetical solid structures with different coordinations by means of DFT calculations using both norm-conserving and ultrasoft pseudopotentials together with nonlocal gradient corrections in the exchange and correlation functionals.
From the total-energy calculations, lattice constants, bulk moduli and cohesive energies were extracted. As shown in Table II the energy differences calculated with both types of pseudopotentials are fully consistent, while the bond lengths calculated with the norm-conserving pseudopotentials tend to be generally larger. The lattice constant for the fcc structure is about 2% too high for the nc-PP and somewhat closer to the experimental value for the us-PP. After rescaling all bond lengths to the experimental value of the Pt fcc phase, the calculations yield consistent data for all structures.
In order to rationalize whether the analytical potential as presented before is capable of describing energy and bonding of Pt, the Pauling relationship ͓Eq. ͑17͔͒ was examined. Here the quantities ␤, r o , and D o are in principle given by the dimer properties, and therefore only S is an adjustable parameter. The literature values that can be found for Pt 2 dimer properties are, however, fairly diverse ͑see Table II͒ . We therefore allowed the dimer properties to vary within the limits of the literature values, and found that the best fit could be obtained for a dimer bond distance of 2.384 Å which is in line with the theoretical values (2.39-2.40 Å). The bond strength was chosen to be close to the average of The bcc properties were calculated under the assumption of first-nearest-neigbor interaction. Later, the cutoff radius was chosen so that second-neighbor interaction occurs for bcc. This leads to a better agreement of the potential with the reference data. c Value taken from experimental data. the theoretical numbers. The ground-state oscillation frequency that determines ␤ was set to 234 cm Ϫ1 , which again is close to the average of the literature values.
In the next step, the parameter S was adjusted by comparing Eq. ͑17͒ with the bond lengths and bond strengths of all reference structures. Figure 2 shows the corresponding plot in semi-logarithmic presentation. The properties of the diamond, sc and bcc phases follow almost a linear relationship. On the transition from bcc to fcc a significant deviation from this behavior occurs, which cannot be described within the present model. By connecting the data points of the fcc phase and the dimer, however, a reasonable agreement with all reference structures is achieved. Note that this line presents all mathematically possible minimum configurations for a given parameter set S, D o , r o , and ␤ and is inpedendent of the analytical form and parametrization of b i j .
For comparison, data obtained with Baskes' modified embedded-atom potential ͑MEAM͒ ͑Ref. 7͒ are shown in the same plot. Obviously, the MEAM follows an almost linear relation as well, but predicts a significantly smaller change in bond lengths with varying coordination. In principle, a similar fit is also possible with the present bond-order potential but only at the expense of a realistic description of the dimer. Since possible applications of this potential may include simulation studies where dimer and cluster properties are of importance, we have chosen the parameter S that provides reasonable agreement with all reference data, including that for lower coordinations.
With the complete set of dimer parameters, the effective bond order for the reference structures can be calculated directly either from the bond lengths, r b , or energies, E b , with the equations calculated as a simple function of coordination. Obviously, the square-root-dependent form is a reasonable approximation. It can be seen, however, that the analytically calculated values underestimate the bond-order for the lower coordinations if angularity is not included ͑see Fig. 4͒ . Therefore, the potential parameters determining the bondorder including angularity were also fit. In doing so, a numerical fitting scheme was applied that included the elastic properties in the reference data set. The resulting parameters are given in Table V . The analytically calculated effective bond order for the reference structures is now significantly improved by including the angular dependence as shown in Fig. 3 . The cohesive properties of all structures compared to the DFT reference data are summarized in Table II . In general the numbers are in excellent agreement with the DFT results and experiments. For the sc and bcc phases, however, the absolute values of the cohesive energies are about 10% too small, which is a direct consequence of the bond order which only allows one to fit the bond lengths of these structures properly. Even the bulk moduli of all solid phases are very well reproduced, including the fcc phase, although none of them was part of the fitting procedure. This is a direct consequence of the proper choice for ␤ which determines the curvature of the potential given by the dimer oscillation frequency. Additionally, BЈ, the pressure derivative of the bulk modulus, which was calculated from the Birch-Murnaghan equation fits the numbers derived from total energies calculations very well. This is a significant result, since BЈ is directly related to the global Grüneisen parameter, and therefore a proper description of anharmonic effects can be expected from this potential. The most relevant properties of the fcc solid structure are summarized in Table III , and compared with established potentials for Pt. 4, 5, 7, 22, 40, 41 A noteworthy feature of the present model is the correct description of the elastic moduli. The inclusion of angularity makes possible anisotropy ratios smaller than two. The same is true for the MEAM, but all other models fail to reproduce this property. Only the calculated shear modulus c 44 is somewhat too high, with the given parameter set. An alternative parameterization given in Appendix A does reproduce the second order elastic constants, extremely well, but it does poorly in predicting the melting temperature. The melting point was determined by monitoring the potential energy of an NPT ensemble containing both solid and liquid phases at a given temperature. For zero pressure we determined the temperature where the relative size of the two regions does not change, and therefore the average interface velocity is zero. We found that the melting point is mostly affected by the choice of the cutoff range, and therefore we adjusted the parameters R cut and D using the known melting temperature of Pt. In doing so we calculated a melting point of 2100͑20͒ K, which is in very good agreement with the experimental value of 2045 K. The fairly long range of the cutoff improves, at the same time, the description of the bcc structure since it now reaches the second-nearest-neighbor shell.
Defect properties were also examined. The relaxation volume of the interstitial fits the experimental number almost perfectly, but the formation energy is 5.31 eV compared to 3.5͑6͒ eV obtained by experiment. Although this is a significant error, it is still an improvement over the energy of 7.46 eV obtained with Foile's EAM potential. Here it is worth noting that the number of 3.2 eV, as reported in Foiles original paper corresponds to a spurious defect structure and not to the ͓100͔ split interstitial. Both the calculated vacancy formation energy and the vacancy relaxation volume agree reasonably well with experiment. Even surface formation energies match recent DFT calculations. 42 The significant deviation for the ͑110͒ surface might be a consequence of neglecting atomic relaxations in the DFT calculations.
An important result gleaned from this study is that shortranged bond-order potentials offer a realistic description of thermomechanical properties for Pt and potentially of other d-transition metals. The quality of the potential is at least comparable to the MEAM, and gives, in general, better agreement with reference data, both fitted and nonfitted, than the EAM models without angularity.
VI. PLATINUM-CARBON
Platinum and carbon do not form thermodynamically stable compounds, and consequently little information is available in the literature to guide the parameterization. The chemical interaction of Pt-C is mostly considered to be nonbonding, although this is only true when carbon bonds are fully saturated. There are many experiments, however, that are characterized by the chemical interaction of carbon and platinum. Cepek et al. 43 deposited fullerene clusters on Pt͑111͒ surfaces, and found strong covalent bonds with very small charge transfer. Hecq et al. 44 reported the existence of a superficial compound PtC x (xϷ1) in polycrystalline films of platinum containing up to 17% carbon that were synthesized by dc reactive sputtering. A superlattice structure of platinum-carbon was proposed by Westmacott, Dahmen, and Witcomb, 45 based on their observations of an ordered structure of Pt 7 C in the vicinity of grain boundaries following quenching or irradiation. Finally, Shuvaev et al. 46 reported a six-fold coordinated Pt-C compound which was synthesized by co-evaporation of carbon and platinum and characterized by extended x-ray absorption fine-structure ͑EXAFS͒ analysis. Interestingly, experimental results on solid solubility of carbon in platinum are very inconsistent. While Siller et al. 47 reported solubilities of up to 4 atomic percent, Rut'kov and co-workers 48, 49 suggested equilibrium concentrations that were three orders of magnitude smaller. Theoretical studies of solid Pt-C structures have, to our best knowledge, only been performed by Guillermet et al., 50 who investigated the NaCl structure of 5d transition metals including PtC with a linear muffin-tin-orbital method.
In light of the sparse experimental information available, several DFT calculations were carried out to guide the fitting of the potential. For zinc-blende (B3), CsCl (B2), and NaCl (B1) structures with a stoichiometric basis of Pt and C atoms, bond distances as well as total energies were calculated. The cohesive energies were then determined using the the total energies from DFT calculations of pure carbon and platinum and the corresponding experimental cohesive energies.
The energetically most favored configuration is the NaCl lattice. For this structure the calculated bond length of 2.237 Å is somewhat higher than the value of 2.0 Å obtained from fitting EXAFS data. Shuvaev et al. 46 reported however, that the best experimental fit was achieved for coordination number six, which confirms our DFT result. For the same structure Guillermet et al. 50 calculated a bond length of 2.05 Å and a cohesive energy of Ϫ12.3 eV/f.u., which is about 2 eV lower than our value calculated with GGA-DFT ͑see Table IV͒ .
Additional DFT calculations showed that the B1 and B2 phases of PtC are stable with respect to shear deformation, while zinc blende is not. The latter was therefore not considered for the potential fitting.
Dimer properties of platinum monocarbide are reported in Ref. 51 and in a much earlier paper by Singh et al. 52 The two calculations give consistent values for the bond lengths and oscillation frequencies, but they differ for the bonding energy. Since theoretical calculations on PtC dimer properties are not available, we additionally performed a DFT calculation using the code DMOL ͑Ref. 53͒ with BLYP ͑Ref. 54͒ functionals. In contrast to the literature values, the calculation predicts the A 1 ⌸ state as the lowest lying energy configuration with significantly different dimer properties.
In order to fit the reference data, the parameter r o was chosen in accordance to the DMOL calculations while D o was adopted from Ref. 52 . The parameter ␤ was set so that both the bulk modulus of the B1 structure and the ground-state oscillation frequency are well reproduced. A comparison of the reference data with the predictions of the analytical potential is given in Table IV͒ . The corresponding potential parameters are listed in Table V . Although this parameter set reproduces the essential features of the Pt-C interaction, it is based on a minimal set of input data and therefore might need to be refitted if more detailed reference data become available.
VII. CONCLUSIONS
We present an analytical potential that allows us to model chemical bonding in mixed metallic-covalent systems using a single functional form. Our model makes use of the insight that chemical bonding of most covalent systems and d-transition metals can be described within a secondmomentum tight-binding approach. We show that the original version of Brenner's carbon potential can be used for modeling Pt as well as Pt-C if angular contributions are included. This ansatz can have an tremendous importance for atomic scale computer simulations of a wide class of materials problems where bonding interactions between covalent and metallic systems are important. Due to the limited number of adjustable parameters the model allows a systematic fit of materials properties. to about 1500 K, while surface energies and interstitial formation energy ͑4.05 eV͒ are still in very good agreement with the reference data. Even the simplified version without angularity ͑cϭ0, ␥ϭ0.20967, R cut ϭ3.4 Å, and D ϭ0.2 Å) delivers a reasonable description of most properties except for the surface properties and might be useful for the quantification of models that rely on bond counting.
APPENDIX B: MODIFICATION OF THE REPULSIVE POTENTIAL
In applications where one needs to take high-energetic (E kin ӷ10 eV) collisions between atoms into account, it is necessary to modify the repulsive part of the potential to realistically describe such collisions. To this end, we first derive an accurate repulsive pair potential for a dimer using a density-functional theory method. We then construct a total potential V Tot using V Tot ͑ r ͒ϭV R ͑ r ͓͒1ϪF͑ r ͔͒ϩ͓V Eq ͑ r ͔͒F͑ r ͒, ͑B1͒
where V Eq is the potential for states close to equilibrium described in the main text, and the Fermi function
F͑r ͒ϭ 1 1ϩe
Ϫb f (rϪr f )
.
͑B2͒
The value of the constants b f and r f are chosen such that the potential is essentially unmodified at the equilibrium and longer bonding distances, and that a smooth fit at short separations with no spurious minima is achieved for all realistic coordination numbers.
Using this approach we obtained r f ϭ1.5 Å and b f ϭ10.0 1/Å for the Pt-Pt interactions, and r f ϭ0.7 Å and b f ϭ9.0 1/Å for C-C interaction as well as r f ϭ0.8 Å and b f ϭ8.0 1/Å for Pt-C interactions. These same values also give a smooth fit to the Ziegler-Biersack-Littmark universal repulsive potential. 55 *Author to whom correspondence should be addressed. Present
